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Abstract: Protein-carbohydrate recognition is crucial in many vital biological processes 
including host-pathogen recognition, cell-signaling, and catalysis. Accordingly, 
computational prediction of protein-carbohydrate binding free-energies is of enormous 
interest for drug design. However, the accuracy of current force fields (FFs) for predicting 
binding free energies of protein-carbohydrate complexes is not well understood owing to 
technical challenges such as the highly polar nature of the complexes, anomerization and 
conformational flexibility of carbohydrates. The present study evaluated the performance of 
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alchemical predictions of binding free-energies with the GAFF1.7/AM1-BCC and 
GLYCAM06j force fields for modelling protein-carbohydrate complexes. Mean unsigned 
errors of 1.1±0.06 (GLYCAM06j) and 2.6±0.08 (GAFF1.7/AM1-BCC) kcal•mol-1 are 
achieved for a large dataset of monosaccharide ligands for Ralstonia solanacearum lectin 
(RSL). The level of accuracy provided by GLYCAM06j is sufficient to discriminate potent, 
moderate and weak binders, a goal that has been difficult to achieve through other scoring 
approaches. Accordingly the protocols presented here could find useful applications in 
carbohydrate-based drug and vaccine developments. 
1. Introduction 
The problem of computing the binding free-energy of a ligand for a receptor is a long-
standing challenge for computational chemistry.1–3 Ever since the very first alchemical free-
energy (AFE) calculations where reported for ligand binding processes,4 numerous studies 
have focused on the binding energetics of organic molecules to proteins.3,5,6 Despite 
successes in guiding the design of organic molecules as protein ligands1,7–9 applications to 
other classes of biomolecular interactions such as protein-DNA, protein-lipids and protein-
carbohydrate complexes have been less explored.2,10,11 This work is concerned with the 
validation of parameter sets for accurate modelling of protein-carbohydrate recognition with 
the aid of alchemical free-energy methods. 
Protein-carbohydrate complexes pose specific challenges for molecular modeling due to the 
large number of hydroxyl groups in the ligands, weak binding affinities, anomerization, ring 
flexibility, CH...π interactions, and frequent role of water12 and/or ions13 in receptor binding 
sites. Progress is necessary owing to the significant role of protein-carbohydrate interactions 
in biology. A few notable examples includes biological processes like, cell adhesion, 
differentiation, and metastasis.14,15 Protein-carbohydrate interactions are also important in 
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medical sciences, e.g. alterations of cell surface glycosylation pattern is linked to the 
development and progression of specific diseases like cancer.16 Among protein-carbohydrate 
complexes, lectin-carbohydrate complexes are of immense interest because lectins have the 
ability to distinguish between minuscule differences in sugar structures and can be used to 
detect specific carbohydrate patterns.17 Thus, understanding the structural and energetic 
aspects of the lectin-carbohydrate complexes is essential for the elucidation of carbohydrate 
recognition principles, which should ultimately aid the design of carbohydrate-based 
pharmaceuticals.14,18  
Current docking programs and empirical scoring functions do not generally provide an 
accurate description of protein-carbohydrate binding energetics.19–23 Efforts to tackle the 
problem with end-point free-energy methods such as Molecular Mechanics Poisson-
Boltzmann Surface Area (MM-PB/SA),  Molecular Mechanics Generalized-Born Surface 
Area (MM-GB/SA) or Linear Interaction Energy (LIE) have also been reported with mixed 
success.24–27 Mishra et al. have parameterized the LIE approach directly on carbohydrates but 
found significant overestimations of the calculated binding free-energies for low-affinity 
binders and non-binders.27 Topin et al. have shown that MM-GB/SA method yields a poor 
correlation between the predicted and experimentally determined free-energies for lectins 
LecB (r2=0.22) and BambL (r2=0.02).28 Moreover, outliers are  frequenty seen in MM-
PB/GBSA calculation studies of protein-carbohydrate complexes.24,28  
AFE calculation protocols (e.g. free energy perturbation (FEP), thermodynamic integration 
(TI)) are attractive alternatives owing to a more rigorous statistical thermodynamics 
framework.3,29 However, the reliability of current force fields (FFs) for AFE calculations of 
protein-carbohydrate complexes is still unclear. The carbohydrate FFs that can be used for 
simulation in the biomolecular context are mainly CHARMM30, GROMOS-45A431, OPLS-
AA-SIE32 and GLYCAM33. Among them GLYCAM is steadily growing and the most cited 
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FF due to their generalized parameterization scheme that can be readily extended to 
oligosaccharides.25 Because the derivation of carbohydrate parameters is laborious, and thus 
parameters cannot be easily derived for non-natural carbohydrate based ligands. However, 
generic force fields such as the General Amber Force Field34,35 with AM1-BCC charges36,37 
(GAFF/AM1-BCC) can possibly provide a faster route to carbohydrate simulation. 
GAFF/AM1-BCC offers a simple framework for rapid parameterization of small organic 
molecules including carbohydrate derived scaffolds. Indeed GAFF has been used 
occasionally for modeling of carbohydrate or their derivatives.38–41 This is important to 
support computer-aided design of functionalized carbohydrates, carbohydrate hybrid drugs 
and glycomimitic drugs,42 notable examples include Miglitol (Glyset),43 Voglibose 
(Glustat),44 or Miglustat (Zavesca).45 By contrast, specialized force fields such as 
GLYCAM33 focus on accurate carbohydrate modelling, at the expense of a smaller range of 
parameter sets. This makes it more difficult to apply GLYCAM to a broad range of 
carbohydrate-based ligand design problems. To set the scene for AFE-guided carbohydrate 
ligands design it is thus crucial to establish whether the deficiencies of GLYCAM related to 
its limited domain of applicability is compensated by an improved accuracy in predictions of 
binding energetics. To this end 30 AFE calculations were performed on a dataset of 9 
monosaccharides ligands of lectin RSL with both force fields. This dataset is larger than 
those used in preceding protein-carbohydrate binding free-energy studies,12,46,47,41,48 and 
includes a wide range of monosaccharides ranging from high-affinity binders, low-affinity 
binders to non-binders. 
2. Theory and Methods 
2.1 Preparation of Molecular Models 
Protein setup: Ralstonia solanacearum lectin (RSL49) is a protein isolated from the Gram-
negative bacterial pathogen Ralstonia solanacearum that causes lethal wilt disease in many 
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agricultural crops all over the world, leading to massive losses in the agricultural industry.50 
RSL is a six-bladed β- propeller trimeric structure, with 90 amino acid residues in each 
monomeric chain. Each RSL monomer unit contains one fucose binding site located between 
the two β-sheet blades called the intramonomeric binding site, and the other is formed at the 
interface between the neighboring monomers called the intermonomeric binding site. Thus, 
there are a total of six symmetrically arranged binding sites reported in the crystal structure. 
Isothermal Titration Calorimetry (ITC) has suggested that intermonomeric and 
intramonomeric binding sites are indistinguishable.49 The calculated free-energy of Me-α-L-
Fucoside (MeFuc) in all six binding sites was statistically equivalent in LIE calculations 
reported elsewhere.27 The initial coordinates of RSL bound to MeFuc were obtained from the 
X-ray crystal structure (PDB ID: 2BT9).49 A couple of perturbations (1↔2 and 1↔4) were 
performed in all six RSL binding sites (Table S1). Refer to Fig. 1 for number assigned to 
each ligand. The other perturbations were performed in the intramonomeric binding site of 
chain A (site S1) only, with the other five binding sites kept empty. 
Protein-Ligand complex setup: A full range of monosaccharides spanning from binders, 
low-affinity binders to non-binders were selected (Fig. 1). The experimental dissociation 
constants  of these monosaccharides have been previously measured using an SPR assay.23,49 
The 3D coordinates of the ligands were modeled using the GLYCAM Carbohydrate Builder 
webserver.51 Since there is no evidence that RSL recognizes monosaccharides in furanose 
form, pyranose form of all the ligands were selected. The starting structures of the RSL-
saccharide complexes for the other monosaccharides were prepared manually by 
superposition with the ring atoms of MeFuc (1), keeping the orientation of O2, O3, and O4 
hydroxyls unchanged where possible. As the potential energy barrier for ring flips in 
pyranoses can be ca. 3-5 kcal•mol-1 or greater,52,53 all monosaccharides were kept in their 
most favorable chair conformation. Input files for alchemical free-energy calculations were 
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prepared with the software FESetup54 that uses AmberTools1455 for ligand parameterization. 
All initial structures were solvated in a rectangular box of TIP3P water molecules extending 
12 Å away from the edges of the solute(s) using tleap. The total charge of each system was 
zero and no ions were required to neutralize any of the systems. The protein was described 
with the Amber ff12SB56 force field, and saccharides with either the GAFF34,35 force field 
(version 1.7) with AM1-BCC36,37 charges (as computed by antechamber from 
AmberTools14) or the GLYCAM33 force field version 06j (GLYCAM06j). The simulation 
systems were equilibrated by firstly performing 3000 steps of energy minimization to relax 
unfavorable conformations, followed by a 1 ns 300K NVT simulation with harmonic 
positional restraints of force constant 5 kcal•mol-1•Å-2 on all the non-solvent atoms. Finally, 
an unrestrained 3 ns NPT simulation was performed to equilibrate solvent density. The final 
snapshot was used as input for subsequent free-energy calculations. 
2.2 Alchemical free-energy simulations 
Neglecting contribution from changes in pressure-volume terms57, relative binding free-
energies (eq 1) were computed as the difference in the free-energy changes for transforming 
monosaccharide X into Y in the RSL binding site (∆ → ) and in aqueous 
solution(∆	 → ): 
∆∆
 →  = ∆ →  − ∆ → 		 (1) 
Where each free-energy change was obtained by thermodynamic integration (TI): 
∆ →  = 	  


 (2) 
Where λ is a coupling parameter that allows smooth transformation of the potential energy 
function corresponding to the starting state X (λ=0) and final state Y (λ=1). The finite 
difference thermodynamic integration approach was firstly used to evaluate free-energy 
gradients at several values of λ between 0 and 1.58 The integral in eq 2 was then numerically 
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approximated by using polynomial regression59 and setting the polynomial order to seven. 
Unless stated separately in the text, the free-energy gradients were calculated at 16 non-
equidistant λ values (0.0, 0.00616, 0.02447, 0.07368, 0.11980, 0.19045, 0.28534, 0.40631, 
0.57822, 0.70755, 0.80955, 0.88020, 0.92632, 0.97553, 0.99384, and 1.0).59 A 4 ns NPT 
simulation at each λ value was performed to collect free-energy gradients. To test for 
convergence, longer simulations of 10 ns per window were run, or a λ schedule with 27 
points was applied in selected cases. Additional points were added near noisy parts of the 
gradient when needed, e.g. 13 and 23 perturbations. Before collecting free-energy 
gradients, the systems were further energy minimized (1000 steps) and then equilibrated for 
100 ps at the chosen value of λ. To avoid numerical instabilities, a soft-core60 potential 
energy function similar to Michel et al. was used throughout.61 Free-energy gradients were 
collected every 200 fs. The first 500 ps of every simulation was discarded to allow for re-
equilibration.  
A velocity-Verlet integrator was used with a timestep of 2 fs. All simulations were 
performed in the NPT ensemble. Temperature control was achieved with an Andersen 
thermostat and a coupling constant of 10 ps-1.62 Pressure control was achieved by attempting 
isotropic box edge scaling Monte Carlo moves every 25 time-steps. Periodic boundary 
conditions are used with a 10Å atom-based cutoff distance for the non-bonded interactions. 
All simulations were performed using an atom-based cutoff of 10 Å with Barker Watts 
reaction field with dielectric constant set to 78.3.63 The methodology used here to handle long 
range electrostatic interactions differs from the parameters used in other studies performed 
with the Amber ff12SB force field. However, this was deemed acceptable as Fennel and 
Gezelter have reported that atom-based reaction-field treatments yield energetics and 
dynamics that reproduce well Particle-Mesh Ewald.64 Further, in this work the same 
methodology was used consistently to compare GAFF and GLYCAM results. Production 
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molecular dynamics simulations were performed on GPUs (GeForce GTX465 and Tesla 
M2090/K20 cards) using mixed precision in the Sire/OpenMM simulation framework (rev. 
2702 of Sire65 and OpenMM-6.066). To test convergence and reproducibility, free-energy 
changes along both ‘direct’ ∆∆
 → ) and ‘reverse’ paths (∆∆
 → ) were 
computed and relative binding free-energies estimated with eq 3: 
ΔΔ
, →  = 	  ΔΔ
 →  − 	ΔΔ
 → 	     (3)  
To account for uncertainties due to sampling errors and biases from numerical integration of 
the free energy profiles, triplicates of each forward and reverse perturbation calculations were 
performed for each system. Each ΔΔ
 →  and ΔΔ
 →  value was taken as the 
average of the triplicates. Statistical uncertainties in the reported ΔΔ
, → 	values 
were estimated as the standard error of the mean with eq 4:  
err !ΔΔ
, → " = 	 #√%  (4) 
Where s is the standard deviation of free energy from the n=6 replicas (3 forward and three 
reverse). For two step pathways, errors were propagated as the sum of errors from each steps.  
 
2.3 Experimental Binding Free-energy Calculation: 
The experimental RSL binding free-energies of the monosaccharides were calculated from 
the equilibrium dissociation constants (Kd)
23,49 measured by Surface Plasmon Resonance 
(SPR) assay at 298.15 K and standard reference concentration (C0) of 1 mol.L-1 using eq 5: 
∆ = &' ln *+,-. (5) 
The experimental relative free-energy of binding of Y relative to X has been denoted as 
∆∆
,/01 → . No experimental uncertainties in Kd measurement were reported, thus an 
experimental uncertainty of 0.4 kcal.mol-1 in ∆∆
,/01 →  was assumed as done by 
Brown et al. and Mikulskis et al.67,68 
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Overall agreement between theory and experiment was assessed by comparison of 
individual relative free-energy changes, and by computation of correlation coefficient (R2), 
mean unsigned error (MUE) and predictive indices (PI) for the full dataset as proposed by 
Pearlman and Charifson.69 As done elsewhere70, uncertainties in these metrics were 
determined by resampling estimated binding free-energies. These were correlated to the 
experimentally measured binding free energies to produce distributions of R2, MUE and PI 
values. The procedure was repeated 1 million times to yield a distribution of likely R2, MUE 
and PI values for each simulation protocol. Uncertainties in the dataset metrics are quoted as 
an approximate ±1σ interval that covers 68% of the distributions. 
 
3. Results  
3.1 Relative Free-energies of Methylated Monosaccharides 
The mono-carbohydrates discussed here are hemiacetals at C1 and therefore readily 
undergo anomerization. Their O1-methylated acetal counterparts, however, are stable and 
thus display well-defined anomers. Binding affinities of RSL are known for three methylated 
sugars, Me-α-L-Fucoside (1), Me-β-D-Arabinoside (2) and Me-α-D-Mannoside (3), and are -
8.6, -6.7 and -3.5 kcal•mol-1, respectively. Accordingly, a number of relative binding free-
energy calculations for MeFuc→MeAra (1→2), MeFuc→MeMan (1→3) and 
MeAra→MeMan (2→3) transformations have been performed (Fig. 1).  
Figure 2 illustrates the trend of calculated versus experimental binding free-energies for all 
the perturbations with the GAFF and GLYCAM force fields, and detailed figures are given in 
the supplementary information (Table S2). For perturbation 1→2, the ∆∆
,2 → 3 
values from both GAFF (1.9±0.1 kcal•mol-1) and GLYCAM (1.8±0.1 kcal•mol-1) are in an 
excellent agreement with 44
,/012 → 3 (1.9 kcal•mol-1). In 1→2, the equatorial methyl 
group at position C5 in 1 is replaced by a hydrogen in 2. This C6-methyl projects into a 
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hydrophobic region lined by the side chains of the residues Ile59, Ile61 and Trp10 of RSL 
(Fig. 3). The change in the binding free-energy is particularly unfavorable in this case 
because this scaffold modification results in a loss of hydrophobic interactions with the 
protein environment.  
In the perturbations 1→3, and 2→3 larger groups of atoms need to be perturbed. The ring 
carbon atoms C1, C2, C4 and C5 in 1 and 2 have been mapped to C5, C4, C3 and C2 in 3, 
respectively, such that the orientation of the O2, O3 and O4 hydroxyls remain unchanged. 
However, the axial -OCH3 group (methoxy) and the equatorial hydrogen of C1 in 1 are 
perturbed into a hydrogen and hydroxymethyl group in 3, respectively. Additionally, the axial 
hydrogen of C5 in 1 is perturbed into a methoxy group, and the equatorial methyl at C5 in 1 
is also perturbed into a hydrogen in 3 (Fig. 1). For these two calculations, we found serious 
convergence problems while evaluating ∆	 	2 → 5, ∆	2 → 5 ∆		3 → 5 and 
∆	3 → 5. Analysis of the free-energy gradients shows a considerable peak of the free-
energy gradients at λ ~0.7 for 1→3 and 2→3. This is mirrored at λ ~0.3 for a perturbation 
done through the reverse paths (3→1 and 3→2). The free-energy gradients have very large 
values within these λ regions, and the resulting free-energy profile is noisy (Fig. 4A). 
Increasing the length of the simulation or the number of λ points does not improve the 
precision of the results (Fig. S1 & S2). A careful investigation was undertaken to diagnose 
the problem. The perturbations were broken down into two sequential calculations involving 
an intermediate compound 10 so as to minimize the magnitude of the structural changes 
attempted in one step. Compound 1 and 2 were thus first perturbed into 10 where the 
equatorial hydrogen of C1 in 1 and 2 is perturbed into a methyl. In the second step, this 
methyl is then perturbed into the final hydroxymethyl in 3 (Fig. 5). A complication for the 
GLYCAM force field is that the intermediate structure 10 does not have parameters, and 
force field parameters were thus manually adapted by analogy from those used to describe 3. 
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Since 10 is merely a convenient computational intermediate, accurate force field parameters 
are not crucial for this particular compound. It is evident from Fig 4 that the convergence is 
considerably improved, and the free-energy profile for 1↔10 and 10↔3 perturbations (Fig. 
4B-C & S3-S4) is quite smooth in comparison with the single-step perturbation (Fig. 4A). 
The free-energy gradient profiles for the 10↔3 perturbation are somewhat less smooth (Fig. 
S4) but the calculated free-energies for three independent simulations differ by less than 0.5 
kcal•mol-1 from each other (Table S3 & S4), which is within the range of statistical error. 
Thus, it proves more effective to break down this complex perturbation into sequences of 
small perturbations that yield readily converged free-energy gradients.  
Extending simulations up to 10 ns for each window, or adding additional intermediate λ 
values, did not provide any statistically significant difference in several chosen perturbations 
(Table S3 & S4). This indicates that the current setup that affords 4 ns per window is a good 
compromise between computational resources needed and accuracy of the results. Moreover, 
the mean ∆∆
	2 → 3 for all six RSL binding sites (Table S1) is comparable to 
∆∆
, 	2 → 3 (Table S2 and Figure S5). This shows that the differences in ∆∆
	2 →
3 among all the six binding sites are statistically insignificant, and an average 
∆∆
, 	2 → 3 estimated from three independent simulations of the first binding site (S1) 
is sufficient to yield well converged binding free-energy estimates. 
Figure 2 shows experimental and calculated change in the free-energy of binding of 
methylated monosaccharides 3 relative to 1 and 2 calculated by the two-step perturbation 
protocol using GAFF and GLYCAM force fields. The ∆∆
, 	2 → 5 values using GAFF 
and GLYCAM are 1.1±0.2 and 2.3±0.2 kcal•mol-1 respectively, and ∆∆
,	3 → 5 values 
are 0.2±0.3 and 0.5±0.2 kcal•mol-1 respectively. While the two force fields follow a similar 
trend in values for ∆∆
,	2 → 5 and ∆∆
,	3 → 5, it is clear that the GLYCAM 
calculations provide better agreement with ∆∆
,/01	2 → 5 and ∆∆
,/01	3 → 5 (5.1 and 
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3.2 kcal•mol-1 respectively). Relative binding free-energies for 1→3 and 2→3 are 
overestimated by ca. 2.5 kcal•mol-1. The thermodynamic cycle closure error for 1→10→2→1 
and 1→2→10→1 perturbations (Fig. S6) from GAFF is -0.3 kcal•mol-1 and 1.4 kcal•mol-1, 
respectively. While thermodynamic cycle closure error from GLYCAM is 0.3 kcal•mol-1 in 
both cases. This indicates that the computed relative binding free-energies with this force 
field appear well converged and that deviations from experimental data may be attributed to 
inaccurate in force field parameters for 3 since the relative binding free-energy for 1→2 
matches well with experimental data. Indeed, the methoxy group in 3 is placed below Trp76, 
which is expected to disrupt CH...π stacking that is observed in 1 and 2 (Fig. 6A-6C). Current 
classical force fields are of limited accuracy for the modeling of CH...π stacking 
interactions.71 A close inspection of the GLYCAM simulations also shows that the 
hydroxymethyl group of C5 in 3 is projected outward from the binding site, and creates a 
hydrogen bond with the hydroxyl of Tyr37. The O6 hydroxyl can alter its orientation during 
the simulation but this does not affects total free energy of binding (Fig. 6D). A similar 
behavior is seen for perturbation 2→3.  
The resulted cycle closure error for the thermodynamic cycle (shown in Fig. S6) for 
perturbation 1→2→3→1 is 0 and 1.0 kcal•mol-1 for GLYCAM and GAFF simulations, 
respectively, indicating confidence in the GLYCAM computed free-energies. By contrast, the 
free-energies computed with the GAFF force field are not consistent. Turning now to the 
accuracy of the force fields, for carbohydrates, relatively less accurate energies from 
GAFF/AM1-BCC calculations are expected for of two reasons. Firstly, GAFF is 
parameterized to cover mostly small organic compounds, and has not been optimized for 
performance on hexopyranoses or carbohydrate-like structures.34 Secondly, in asymmetric 
molecules, such as sugars, the possibility of hydroxyl and hydroxymethyl group rotation 
leads to ambiguity in selecting a single conformation for charge calculations. Thus, the 
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intramolecular interactions or solution properties are often poorly reproduced, unless 
conformationally averaged charges are employed.72 
Interestingly, both GAFF and GLYCAM systematically overestimate the binding affinity 
of 3 to RSL. Mishra et al. also made a similar observation in a LIE study of this system using 
the  OPLS-AA 2005 force field, where the predicted absolute binding free-energy for 3 was 
overestimated by approximately -2.0 kcal•mol-1.27 The possibility that experimental artifacts 
have affected SPR measurements of the weak binding of compound 3 (Kd ~2.5 mM) should 
not be ruled out.73 
3.2 Relative Free-energies of L-Fucose and L-Galactose 
Perturbation of MeFuc into L-Fuc (1→4) is computationally demanding because L-Fuc can 
exist in both anomers in solution and the protein bound state. Thus, we decided to transform 
MeFuc into both α-L-Fuc (4α) and β-L-Fuc (4β). To close an additional thermodynamic cycle 
the 4α→4β perturbation was also performed. The calculated and experimental changes in the 
binding free-energy of the 1→4 perturbations are presented in Fig 2.  
The ∆∆
,2 → 67 and ∆∆
,2 → 68 values using GLYCAM are 0.3±0.3 
kcal•mol-1 and -0.2±0.1 kcal•mol-1, respectively, which is in good agreement with the 
experiment and well converged as shown by the cycle closure error of the thermodynamic 
cycle 1→4β→4α→1 that is close to zero. Lower ∆∆
,	2 → 68 values using GAFF (-
0.6±0.1 kcal•mol-1) and GLYCAM (-0.2±0.1 kcal•mol-1) compared to ∆∆
, 	2 → 67 
from GAFF (0.2±0.1 kcal•mol-1) and GLYCAM (0.3±0.2 kcal•mol-1) suggests that RSL will 
prefer to bind 4β. Structural details from the computed trajectories show that the higher 
affinity observed with GAFF may be due to additional electrostatic interactions of the O1 
hydroxyl in 4β with the protein. The O1 hydroxyl in the equatorial position (4β) interacts 
with Arg17, Cys31 and Try37 (Fig. 7), but in the axial position (4α) it interacts largely with 
water molecules. Regardless of whether RSL binds preferably 4α or 4β and on the basis of 
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the experimental data, neither anomer can be a better binder than its methylated form 1. Thus, 
the GLYCAM calculations are in better agreement with the experiment but the trend for 
∆∆
, 	2 → 68 from both GLYCAM and GAFF for 4β is not correct. However, it must 
be emphasized that ∆∆
,/01	2 → 6 is only 0.7 kcal/mol, thus the magnitude of the 
deviation from experiment remains within range of the accuracy typically expected from an 
AFE calculation. It can also be stressed here that the difference between calculated binding 
free-energies for the 4α→4β perturbation is very small, suggesting that both the anomers may 
readily bind to RSL. Table S1 shows the ∆∆
,	2 → 6 on all six binding sites of the 
RSL. The ∆∆
, for 4α and 4β from a single run is slightly different among the binding 
sites, also indicating an individual preference in each of the six binding sites. However, 
similar to perturbation 1→2, the mean ∆∆
, for all the six binding sites is comparable to 
the average from three independent simulations in the binding site S1. Similar free-energy 
profiles (Fig. S5) in all the six binding sites of RSL suggests that differences in ∆∆
, are 
merely statistical errors. 
The ∆∆
, values for both α- and β anomers of L-Gal (5) using GAFF and GLYCAM 
differ considerably from the SPR data (Fig. 1). Structurally fucose is a 6-deoxy galactose, i.e., 
galactose has an additional hydroxy group at C6 (Fig. 1). The C6 methyl in 1 is pointing 
towards the hydrophobic patch created by the side chains of Ile59, Ile61 and Trp10. When the 
one hydrogen of C6 is perturbed into a hydroxyl, it starts interacting with the water molecules 
towards the protein surface (Fig. 8). It was found that the distance between O4 and O6 
hydroxyls in 5 is quite stable in a position towards the protein surface that is away from O4, 
where weak electrostatic interaction with Arg18 are possible (Fig. S7). All other interactions 
are similar to 1→4 perturbation. 
On the other hand, unlike in the previous perturbations where the performance of GAFF 
was comparable to GLYCAM, especially in modeling changes in hydrophobic interactions, 
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binding free-energies for 5 from GLYCAM are more accurate (error ca. ~2 kcal•mol-1) than 
those from GAFF (error ca. ~3 kcal•mol-1). This is attributed to inacurate energetics for 
strong CH...π stacking interactions between non-polar hydrogens of C6 in 1 and the aromatic 
amino acid residues of Trp76.74 It has been shown by Wimmerova et al. that strong stacking 
interactions between carbohydrate and Trp76 in RSL largely contributes to the binding 
energy.75 There are different views on the strength of stacking interactions between amino 
acids and saccharides, but these interactions can be stronger than a hydrogen bond and 
measured interaction energies are ~8.0 kcal•mol-1.74,75 Current force fields incorporate 
stacking (CH...π interactions) partially in the form of van der Waals interaction, but, there is 
no explicit term in the force fields to model CH...π interactions. The CH...π interactions are 
strongest when a CH bond is pointing directly towards the center of the aromatic ring.55 In 1, 
C6 methyl is strongly involved in the CH...π interaction with Trp76, but upon perturbation to 
hydroxymethyl in 5, this group rearranges to interact with water. The CH groups in 
hydroxymethyl can still form CH...π interaction with the aromatic ring of Trp76, but this is 
modeled poorly with the present force fields. Hydrogens of C6 in 5 are not perpendicular to 
the aromatic ring due to dominating O6 hydroxyl-water interactions. This orientation of the 
O6 hydroxyl group is further stabilized by favorable electrostatic interactions with Arg18. 
Thus, a plausible explanation for the overestimation of the calculated binding free energies of 
5 by ca. 2, and 3 kcal•mol-1 from GLYCAM and GAFF respectively, is the inability of these 
force fields to account for CH…π interactions, consequently promoting additional 
electrostatic interactions of O6 with water and Arg18. 
3.3 Relative Free-energies of D-Fructose 
The MeFuc to D-Fru perturbation (1→6) is the largest structural change attempted in this 
study. D-Fru (6) is a weak binder (∆
,/01	= -5.5 kcal•mol-1). As with the previously 
discussed non-methylated monosaccharides, 1→6 perturbations are performed for both α-D-
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Fru (6α) and ß-D-Fru (6ß) anomers. The 1→6α and 1→6ß perturbations do not alter 
interactions of O2, O3 and O4 hydroxyl of 1, and the changes are limited to C1 and C5. The 
axial methoxy and the equatorial hydrogen of C1 in 1 are morphed respectively into 
hydroxymethyl and hydroxyl groups in 6α and vice versa in 6ß. The equatorial methyl of C5 
in 1 is perturbed into hydrogen in both 6α and 6ß (Fig. 1). The free-energy gradients 
accumulated for the 1→6α perturbation are sufficiently converged along the given pathway. 
However, the computed free-energy gradients for perturbation 1→6ß show a similar noisy 
profile as seen for the 1→3 and 2→3 perturbations discussed previously (Fig. S8). 
Performing the perturbation from 1 to 6ß in two steps via the intermediate 10 resolved the 
issue (Fig. S9).  
The ∆∆
, values obtained with GLYCAM for both, 1→6α (3.5±0.4 kcal•mol-1) and 
1→6ß (1.9±0.2 kcal•mol-1) perturbation are in closer agreement with ∆∆
,/012 → 9 (3.1 
kcal•mol-1) than the values obtained with GAFF (-0.3±0.2 kcal•mol-1 and -0.2±0.2 kcal•mol-1, 
respectively). Anomer 6ß is predicted to bind more favorably than 6α with GLYCAM. In 
simulations performed with both GAFF and GLYCAM force fields, the equatorial 
hydroxymethyl of C2 in 6ß forms a strong hydrogen bond with the Tyr37, which could not be 
formed with anomer 6α. This anomer has a hydroxyl group in equatorial position of C2, 
which is too far to establish direct interaction with Tyr37. This explains why 6ß binds 
stronger than 6α. Further analysis of the computed trajectories is useful to establish why the 
binding energetics differ between the two force fields (Table S2). A close inspection of the 
free-energy gradients and trajectories of end-states does not reveal any noticeable features in 
the geometry or structural interactions of the molecules. A plausible explanation for the poor 
performance of GAFF here is that AM1-BCC may significantly underestimate the solvation 
free-energy of the carbohydrate ligand. Others have reported a systematic underestimation of 
hydration free-energies of ca. 1.5 kcal/mol for alcohols.76 In saccharides, these errors could 
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be larger due to the greater number of hydroxyl groups present in the structures; compound 6 
contains five hydroxyls. The axial group R1 is always solvent exposed and the equatorial 
group R2 interacts with water in 6α (R2= −OH), but makes a hydrogen bond with Tyr37 in 6ß 
(R2= −CH2OH). This suggests that accurate prediction of hydration energetics for hydroxyls 
is critical to model carbohydrate-protein binding. 
3.4 Relative Free-energies of D-Rhamnose 
D-Rhamnose (7) is a weak binder (∆
,/01= -4.6 kcal•mol-1) of RSL. As for other non-
methylated monosaccharides, the 1→7 perturbation was performed separately for both α (7α) 
and ß (7ß) anomers. These perturbations do not affect orientations of O2, O3 and O4 
hydroxyls in 1, but changes are made at C1 and C5 in 1 only. The axial methoxy group and 
the equatorial hydrogen of C1 in 1 are perturbed into hydrogen and methyl groups 
respectively, whereas the axial hydrogen and the equatorial methyl of C5 in 1 are morphed 
into hydroxyl and hydrogen for 7α and vice versa for 7ß. The free-energy gradients collected 
for 1→7α and 1→7ß perturbations are smooth and well converged along the pathway. The 
trends of ∆∆
, values obtained with GAFF and GLYCAM are in agreement with 
∆∆
,/01 (Table S2). While both GAFF and GLYCAM give similar trends, it is found that 
GLYCAM calculations produced better results compared to GAFF, which overestimates 
energies by ca. 2.0 kcal/mol.  
The ∆∆
, values from GLYCAM for 7α and 7ß are 4.3±0.1 and 2.6±0.1 kcal•mol-1, 
respectively, whereas ∆∆
,/012 → :	 is 4.0 kcal•mol-1. Thus, the calculations suggest that 
the binding of 7ß is favored over 7α, and the binding free energy is too favorable by ca. 1.4 
kcal•mol-1, too. The intermolecular interactions of both anomers during the simulations are 
quite similar except for electrostatic interactions between the O1 hydroxyl of C1 in 7α and 
Trp81. The O1 hydroxyl resides inside the hydrophobic pocket in 7ß. Interestingly, 7α also 
samples a second binding mode during the simulations (Fig. S10). In this alternative binding 
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mode, hydrogen bonds formed by O2, O3 and O4 hydroxyl of 7α are still maintained, but O1 
hydroxyl now interacts with water molecules. Over a 10 ns simulation, 7α interconverts twice 
between the primary and secondary binding modes. This suggests that these two binding 
modes for 7α are possible, and 7α may have similar binding energy in both the binding 
modes as transitions are observed on this short timescale. The overall difference in binding 
affinities for 7α and 7ß relative to 1 is mainly attributed to the loss of hydrophobic 
interactions mediated by C6 methyl in 1, and additional contribution from axial 
hydroxymethyl to hydrogen and equatorial hydrogen to methyl perturbation at C1 in 1  
3.5 Relative Free-energies of non-binder D-Galactose and L-Rhamnose 
D-Galactose (8) and L-Rhamnose (9) have not shown any significant binding in SPR 
experiments. Thus, both 8 and 9 are either non-binders or their binding was so weak that it 
could not be measured. The lowest Kd measured using SPR measurement is 2.5 mM for 3 
(MeMan). As a consequence, it is assumed that 8 and 9 are either non-binders or their Kd is 
higher than 2.5 mM. Both 8 and 9 are denoted as non-binders in this report. Based on the Kd 
values for 3, ∆∆
,/01 is expected to be greater than 6.0 kcal•mol-1 for 1→8 and 1→9 
perturbations. The 1→8 perturbation involves replacing the methoxy and hydrogen groups of 
C1 in 1 by hydrogen and hydroxymethyl groups, and methyl and hydrogen of C5 in 1 by 
hydroxyl and hydrogen groups (Fig. 1). Additionally, both 1→8 and 1→9 perturbations 
involve hydrogen to hydroxyl and vice-versa transformation at C2 and C4. The free-energy 
gradients for the 1→8 perturbation were not well converged with the one-step protocol. 
Transformation of the equatorial H of C1 in 1 to hydroxymethyl displayed again convergence 
issues. Thus, the same intermediate 10 was used to obtain smooth gradients for 1→8α and 
1→8ß perturbations. Interestingly 8 and 9 are the only monosaccharides where orientation of 
O2 and O4 hydroxyl differs as compared to the high affinity binders 1 to 5. Because of this, 
these non-binders cannot interact with binding site residues Trp76, Glu28 or Arg17 as 
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observed for more potent ligands. Consequently 8 and 9 adopt binding modes that differ from 
1 during the simulations. 
The ∆∆
, values for 1→8α and 1→8ß are 5.2±0.2 and 2.7±0.4 kcal•mol-1 with GAFF 
and 8.0±0.4 and 6.5±0.3 kcal•mol-1 with GLYCAM, respectively. While both GAFF and 
GLYCAM give results in qualitative agreement with experiment, once again GLYCAM 
predictions are quantitatively much closer to the expected change of >6.5 kcal•mol-1 in 
binding free energies (Table 1). For the 1→8 perturbation, the GAFF/AM1-BCC energies are 
quite different from the GLYCAM energies, showing a similar trend of errors as seen for 
1→6ß, which might also be ascribed to systematic errors in hydration free-energies of 
alcohols, though this cannot be quantified exactly as no experimental hydration free-energies 
are available in the literature for these monosaccharides.  
The MeFuc→L-Rha perturbations (1→9) for both 9α and 9ß anomers converged well in a 
single step transformation. The ∆∆
, 	2 → ;< and ∆∆
,	2 → ;8 values are 
6.2±0.1 and 5.0±0.3 kcal•mol-1 with GAFF and 6.7±0.2 and 6.9±0.2 kcal•mol-1 with 
GLYCAM respectively. As expected, the calculated change in the free-energy of binding 
using GLYCAM is greater than 6.0 kcal•mol-1 for both anomers. In the simulations, the α/ß 
L-Rha ligands are quite unstable inside the binding site. Figure 9 shows the starting 
conformation in green and other conformations sampled at λ=0 during the 9→1 perturbation. 
During the simulation, both 8 and 9 attains conformations where interaction of the saccharide 
with protein side-chains differs significantly. Thus, the simulations clearly suggest that both 8 
and 9 are non-binders owing to the lack of a defined binding mode. This could be the reason 
why significant hysteresis was observed between forward and reverse runs for the 
perturbations from 1 to 8 and 9 (Table S1) as the full range of weakly interacting binding 
modes may not have been fully explored over short time scale MD simulations. Other factors 
such as biases due the numerical integration of the free energy gradients may not be ruled 
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out. Although this hysteresis has little effect on the ranking of the ligands in this dataset, this 
matter warrants further future investigation. 
 4. Discussion and Conclusion 
A procedure that allows an efficient binding free-energy calculation for monosaccharide 
ligand substituents in protein-carbohydrate complexes using GAFF/AM1-BCC and 
GLYCAM force fields is described. The current results show that accurate relative binding 
free-energies of protein-carbohydrate complexes are possible using AFE calculations. 
Moreover, unlike in previous studies performed with alternative modelling methods,23,27 AFE 
calculations are here able to reliably discriminate non-binders, weak-binders and potent-
binders. On the technical side, setting up AFE calculations for carbohydrates presented a 
number of difficulties, and in a number of instances, two steps pathways were shown to 
outperform direct perturbations between pairs of monosaccharides. A two step pathway is 
recommended when appearing/disappearing hydroxymethyl groups at equatorial position of 
C1 or C5 carbon of hexopyranose in their 1C4 or 
4C1 chair conformation. Provided the 
perturbation pathways are adequately defined, the AFE calculation setup using 16 non-
equally distant λ windows and four ns simulation for each window is a good compromise 
between computational resources needed and accuracy of the results.  
The main results of this study are a careful assessment of the accuracy of the GAFF/AM1-
BCC and GLYCAM force fields in computing free-energies of binding of protein-
carbohydrate complexes. To achieve high precision, each relative binding free-energy was 
estimated from at least 6 independent calculations. In general, GLYCAM outperformed 
GAFF/AM1-BCC. The results suggest that GAFF/AM1-BCC can be as accurate as 
GLYCAM when perturbations only affect a change in hydrophobic interaction as for the 
1→2 perturbation. GAFF/AM1-BCC proved to be less accurate in modeling the energetics of 
Page 20 of 40
ACS Paragon Plus Environment
Journal of Chemical Theory and Computation
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 21
hydroxyl groups and this is attributed to systematic errors in hydration energetics for this 
functional group. 
By contrast, the GLYCAM force field reproduces experiential changes in the free-energy 
of binding in most of the cases. Assuming a relative binding free-energy of 6.5 kcal•mol-1 for 
all the non-binders, GLYCAM produces a mean unsigned error MUE = 1.1 ± 0.06 kcal•mol-1, 
a correlation coefficient R2 = 0.85 ± 0.02 and a predictive index PI = 0.94 ± 0.01. In 
comparison GAFF/AM1-BCC achieves on this dataset a statistically significant inferior 
performance, with MUE = 2.60 ± 0.08 kcal•mol-1, R2 = 0.59 ± 0.03 and PI = 0.80 ± 0.01. 
Thus, while GAFF shows reasonable ranking abilities, the mean errors with GAFF are too 
large to reliably discriminate potent binders, weak binders and non-binders which is 
important for hit-to-lead and lead optimization purposes. Thus the versatility of the current 
version of GAFF and ease of parameterization of carbohydrates derived ligands is more than 
offset by significant performance degradation and it is preferable to focus efforts on 
extending GLYCAM parameter sets for detailed modelling studies of carbohydrate-based 
ligands. The present results can be compared with other free-energy studies of carbohydrates 
reported in the literature. Kadirvelraj et al achieved an accuracy of 0.5 kcal•mol-1 using 
GLYCAM for hydroxyl to methoxy and hydroxyl to hydroxyethyl perturbation12, and ~0.5 
kcal•mol-1 for 6 mutations in antibody-carbohydrate-antigen complexes77 using 
GLYCAM_98R. Although a similar level of accuracy is obtained using LIE models 
parameterized on protein-carbohydrate complexes, transferability of parameters to other 
systems remains a challenge.27 Errors are higher when using MM-PB/GBSA on protein-
carbohydrate complexes.24,28 
As the same dataset has been studied previously by docking and LIE methodologies, a 
systematic comparison of the predictive power of a broad range of methodologies is 
presented in Figure 10. AFE calculations using GLYCAM provides the highest correlation 
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(R2=0.85±0.02), predictive index (PI=0.94±0.01) and lowest MUE (1.1±0.06 kcal.mol-1) with 
experiment data (see also Table S7 for details). Among the several docking programs 
evaluated only AutoDock3 with RESP did well in terms of correlation (R2=0.78) and 
predictive index (PI=0.83), but not MUE (3.6 kcal.mol-1). Thus, AutoDock3 outperforms 
GAFF on this dataset. The performance of the tool is sensitive to the charge model used, and 
results obtained with Gasteiger charges are inferior. All other docking programs are much 
inferior to GLYCAM and GAFF. The LIE approach (performed with an OPLS-AA 2005 
force field) is broadly speaking comparable in accuracy with the present AFE results obtained 
with GAFF/AM1-BCC (R2=0.60, PI=0.80, MUE 2.6 kcal.mol-1). Overall, AFE calculations 
with GLYCAM outperform all other methods, but the accuracy of GAFF is comparable to 
LIE or the best performing docking protocols.  
The accuracy achieved with GLYCAM in the present study is thus very encouraging, and 
we expect a broad applicability to other protein-carbohydrate systems albeit within the limits 
of current force fields. The present study is also the first to include non-binders in the dataset, 
thus demonstrating the capability of TI to predict reliably a wide range of binding energetics. 
The only noticeable error with GLYCAM is for the relative binding free-energies of MeMan 
(3) and L-Gal (5), which is overestimated using both GAFF/AM1-BCC and GLYCAM. Only 
ligands 3 and 5 have a hydroxymethyl and methoxy group at ring carbon C5 and C1, which is 
just below Trp76. Thus, both 3 and 5 remains a challenge presumably because of the inability 
to quantify CH...π interactions between carbohydrates and aromatic amino acid residues 
accurately in current force fields. Such errors are also possible for 8 but this interaction was 
not apparent owing to a lack of defined binding mode during the simulations. Nevertheless, 
predicted energies for L-Gal (5) are in much better agreement than those predicted with 
MM/PBSA where the absolute binding energy of L-Gal complexed with PA-IIL was 
overestimated by ~ -20 kcal/mol.24 While hexopyranoses assume preferentially a chair 
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conformation (1C4 L-Galacto or 
4C1 D-Manno), ring conformation sampling of the 
hexopyranoses has not been addressed in this work. 
To conclude the present study has identified protocols for reliable computation of the 
binding energetics of monosaccharides by AFE calculations, identified classes of 
carbohydrate-protein interactions that are well addressed by existing classical force fields, 
and other interactions that may need further attention. The procedures outlined here could be 
used further to explore protein recognition by oligo/poly saccharides, with immediate 
practical applications for carbohydrate-based drug design. 
Abbreviations:  
MeFuc: Me-α-L-Fuc, MeAra: Me-β-D-Ara, MeMan: Me-α-D-Man:, αFuc: α-L-Fuc, βFuc: 
β-L-Fuc, βFru: β-D-Fru, αFru: α-D-Fru, W: Water, P: Protein, Cal: Calculated, Exp : 
Experimental, methoxy: −OCH3, Hydroxymethyl: −CH2OH 
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Figure 1. Graphical representations of perturbations of Me-α-L-Fuc (1) into different labeled 
monosaccharides. Red atoms that differ from topologically equivalent atoms in Me-α-L-Fuc. 
Experimental dissociation constants (Kd) of each monosaccharide for RSL lectin are in 
micromole/L. R1 and R2 for α- & β- anomers of L-Fuc (4), L-Gal (5), D-Rha (7), D-Gal (8) 
and L-Rha (9) are specified in top legend and for D-Fru (6) in the lower legend. 
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Figure 2. Experimental !∆∆
,/01 → " and calculated !∆∆
, → " relative 
binding free-energies using the GAFF1.7/AM1-BCC (GAFF) and GLYCAM06j force fields. 
Estimated uncertainties (err	 !∆∆
, → ") are shown as error bars. The 
err	 !∆∆
,/01 → " values are assumed to be 0.4 kcal.mol-1.67,68 
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Figure 3. The Me-α-L-Fuc to Me-β-D-Ara perturbation (1→2) in the complex with RSL. The 
methyl group (circle) is replaced by a hydrogen atom within the hydrophobic patch of the 
protein.  
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Figure 4. The free-energy gradients from Me-α-L-Fuc→Me-α-D-Man (1→3) perturbation 
using GLYCAM. (A) Multiple setups of 1→3 perturbation in single step. (B&C) Replicates 
of 1→10 and 10→3 perturbation, respectively. Multiple replicates are shown in different 
color. 
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Figure 5. Graphical representations of perturbing Me-α-L-Fuc (1) into labeled 
monosaccharides via an intermediate structure (10). Red atoms/groups are the ones that differ 
from 1. R1 and R2 for α- & β- anomers of D-Gal (8) are specified in the legend. 
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Figure 6. Average structures from MD simulation of saccharides in the protein bound state. 
(A) Me-α-L-Fucoside (1), (B) Me-β-D-Arabinoside (2), and (C) Me-α-D-Mannoside (3). All 
the distances shown in red dotted lines are in angstrom. (D) Time series of the hydrogen bond 
distance between hydrogen of O6 hydroxyl in 3 & oxygen of hydroxyl in Tyr37 (in black) 
and oxygen of O6 hydroxyl in 3 & hydrogen of hydroxyl in Tyr37 (in red) with 
corresponding free energy gradient.  
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Figure 7. Average structure from Me-α-L-Fucose to β-L-Fucose perturbation (1→4β) in the 
complex with RSL. All the distances from O1 hydroxyl shown in red dotted lines are in 
Angstrom.  
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Figure 8. Average structure from Me-α-L-Fuc to β-L-Gal perturbation (1→5β) in the 
complex with RSL. All the distances from O6 hydroxyl shown in red dotted lines are in 
Angstrom. There are two water molecules interacting closely with O6 hydroxyl in 5β are 
shown with dotted van der Waals surface.  
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Figure 9. Two different binding conformations of L-Rha (9) during the simulations (9→1). 
(A) Initial and well defined binding mode of α-L-Rha (9α) and (B) poorly binding mode from 
simulation (9β). 
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Figure 10. Evaluation of twelve different molecular modelling protocols to predict binding 
affinities of the dataset of RSL ligands. For each protocol the first and second histograms 
indicate the determination coefficient r2 and predictive index PI, whereas the third histogram 
indicates the mean unsigned error MUE in kcal.mol-1. For the last metric, the null hypothesis 
would give a MUE of 3.55 kcal.mol-1 on this dataset. Where available, error bars are 
indicated. Details on the docking and LIE calculations are provided in the SI. 
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